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Perform estimationAbstract This study describes an integrated framework in which basic aerospace engineering
aspects (performance, aerodynamics, and structure) and practical aspects (configuration visualiza-
tion and manufacturing) are coupled and considered in one fully automated design optimization of
rotor blades. A number of codes are developed to robustly perform estimation of helicopter config-
uration from sizing, performance analysis, trim analysis, to rotor blades configuration representa-
tion. These codes are then integrated with a two-dimensional airfoil analysis tool to fully design
rotor blades configuration including rotor planform and airfoil shape for optimal aerodynamics
in both hover and forward flights. A modular structure design methodology is developed for real-
istic composite rotor blades with a sophisticated cross-sectional geometry. A D-spar cross-sectional
structure is chosen as a baseline. The framework is able to analyze all realistic inner configurations
including thicknesses of D-spar, skin, web, number and ply angles of layers of each composite part,
and materials. A number of codes and commercial software (ANSYS, Gridgen, VABS, PreVABS,
etc.) are implemented to automate the structural analysis from aerodynamic data processing to sec-
tional properties and stress analysis. An integrated model for manufacturing cost estimation ofsongth-
re, and
Nomenclature
Symbol
req equivalent stress
s12 shear stress
r1; r2 stresses along the two material directions
A0  A4 CST coefficients
C manufacturing cost
c, c(r) blade chord
CL, CD, Cm lift, drag, moment coefficients
d distance between mass center and aerodynamic
center
E elastic modulus
e distance between shear center and aerodynamic
center
G shear module
I moment of inertia
Ma Mach number
m rotor blade mass per unit length
P required power
S ultimate shear stress
Skl components of generalized Timoshenko stiffness
matrix
wa aerodynamic weight factor
wc cost weight factor
ws structural weight factor
Xc ultimate compression in X direction
Xt ultimate tension in X direction
Yc ultimate compression in Y direction
Yt ultimate tension in Y direction
Subscripts
0 zero-lift quantities
1 freestream quantities
b baseline
DD drag divergence
f forward flight
h hover
L lower airfoil curve
ref reference
U upper airfoil curve
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manufacturing, Chin J Aeronaut (2016), httpcomposite rotor blades developed at the Aerodynamic Analysis and Design Laboratory (AADL),
Aerospace Information Engineering Department, Konkuk University is integrated into the frame-
work to provide a rapid and dynamic feedback to configuration design. The integration of three
modules has constructed a framework where the size of a helicopter, aerodynamic performance
analysis, structure analysis, and manufacturing cost estimation could be quickly investigated. All
aspects of a rotor blade including planform, airfoil shape, and inner structure are considered in a
multidisciplinary design optimization without an exception of critical configuration.
 2016 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Rotor blade designs have been the main research in the rotor-
craft industry for the past decades. Challenges still exist due to
difficulties in dealing with integrated disciplines. Studies have
been used to solve isolated problems of aerodynamics, struc-
ture, dynamics, performance, noise, etc. Recently, a number
of researchers have focused on high-fidelity approaches for
rotor blade design and analysis. Pape and Beaunier1 created
an aerodynamic optimization for helicopter rotor blade shape
in hover based on the coupling of an optimizer with a
three-dimensional Navier-Stokes solver. Morris and Allen2
developed a generic aerodynamic optimization tool based on
computational fluid dynamics (CFD) for helicopter rotor
blades in hover. Imiela3 created an optimization framework
for helicopter rotors based on high-fidelity coupled computa-
tional fluid dynamics/computational solid mechanics analysis.
The optimization framework was first applied to various opti-
mization problems in hover starting with an easy task of opti-
mizing the twist rate for a 7A model rotor. The last
optimization in hover involved all design parameters, namely
twist, chord, sweep, anhedral, transition points of two different
airfoils, and starting point of the blade tip showing its superi-l. A fully automated framework for he
://dx.doi.org/10.1016/j.cja.2016.10.001ority over simpler optimization problems with respect to the
achieved improvement.3
Chattopadhyay et al.4,5 performed an integrated aerody-
namic/dynamic optimization to reduce the blade weight and
4 per revolution vertical shear in forward flight. Design vari-
ables are flap and lag stiffness, taper ratio, and root chord at
seven spanwise stations. Walsh et al.6,7 performed a study
for integrated aerodynamic/dynamic/structural optimization
of helicopter rotor blades. This study minimized a linear com-
bination of required power (in hover, forward flight, and
maneuver) and vibratory hub shear. The design variables
included rotor blades planform, blade stiffness, and turning
mass locations.
In the early 1990s, several aeroelastic analyses of composite
helicopter rotors were performed. A good background on opti-
mization of composite structures was given by Jung8,
Volovoi9, and Gurdal10 et al. Ganguli and Chopra11 studied
aeroelastic optimization of a helicopter rotor blade to reduce
vibration and dynamic stresses. The studies were carried out
for a four-bladed hingeless rotor consisting of a two-cell com-
posite box-beam spar. The design variables were the ply angles
of the box-beam walls. The first study of Ganguli and Chopra
used a single-cell box beam model. However, realistic rotorlicopter rotor blades design and analysis including aerodynamics, structure, and
Framework for helicopter rotor blade design and analysis 3blades were built as a multi-cell airfoil section. Therefore, they
used a composite beam cross-sectional model based on the
Vlasov theory, along with a comprehensive rotor aeroelastic
analysis to optimize composite rotors.12–15 Paik et al.16 inves-
tigated a new approach for realistic rotor blade cross-
sectional optimization. The design variables used in this study
were layer angles, layer thickness, and spar location. The
objective function was the distance between the shear center
(SC) and the quarter chord. Li et al.17 extended this work by
choosing a combination of the distances between the SC and
the aerodynamic center (AC), the mass center (MC), and the
aerodynamic center as the objective function. In reality, the
layer thickness is usually a standard value which is not contin-
uously changed. The number of layers is a realistic design vari-
able for structural design. However, this choice could
significantly change a structural configuration that solvers
may not analyze during the design process. This study devel-
oped a process to combine these realities with current design
optimization. Sensitive analysis specified smooth working of
the framework.
Both outer and inner shapes of rotor blades affect the
positions of shear and mass centers which specify dynamic
characteristics of rotor blades. Asymmetric airfoils desired
for better aerodynamics could weaken the structure and
dynamic performance of rotor blades. Coupling analysis
of aerodynamics and dynamics of rotor blades are topics
of many researches. These studies require a lot of computer
resources and are time-consuming. Therefore, an integrated
framework quickly investigating all aspects of rotor blade
configuration for multidisciplinary studies is a demand for
designers.
Moreover, the practical aspect, manufacturing, has not
been considered properly in the past because an integrated
framework of theoretical aspects and manufacturing has not
been built. A design for aerodynamics and dynamics may
result in configurations of a rotor blade which is infeasible
for manufacturing. Integrated models for manufacturing cost
estimation and system performance evaluation of aerospace
composite parts are implemented to provide a rapid and
dynamic feedback for a designer or a product development
team who performs manufacturing cost estimation and system
performance evaluation to manufacture a new or existing pro-
duct during early design processes. Many sub-modules are
implemented in a manufacturing module. Those include the
time estimation module for manufacturing processes,
activity-based costing module, decision support system mod-
ule, and manufacturing system performance evaluation mod-
ule. Knowledge base data collected and computer-aided
automated procedures are also provided in this
implementation.18,19
This paper describes an integrated framework developed
for aerodynamics, structure, and manufacturing analysis for
realistic composite helicopter rotor blades. Each module is
developed separately, and then integrated together to fulfill a
fully automated process from helicopter aerodynamic perfor-
mance analysis to manufacturing cost estimation and system
performance evaluation. Thereby, all aspects including outer,
inner configuration (airfoil shape, blade planform, thickness
of each layer, position of each component, etc.) and manufac-
turing cost can be considered at the same time for the best
rotor blades. The whole framework is integrated in thePlease cite this article in press as: Vu NA et al. A fully automated framework for hel
manufacturing, Chin J Aeronaut (2016), http://dx.doi.org/10.1016/j.cja.2016.10.001ModelCenter software. Robustness of the framework is
achieved. The rotor blade configuration arbitrarily varies and
is governed by realistic design variables without limited
choices. Optimization results show that the integrated frame-
work is necessary to trade-off among aerodynamic shape,
structural characteristics, and manufacturing cost.
2. Integrated framework
The integrated framework is wrapped in ModelCenter as
shown in Fig. 1. Both inner and outer shapes of sophisticated
composite rotor blades can be simultaneously investigated to
generate optimal rotor blades in terms of aerodynamic perfor-
mance, structure, and manufacturing cost.
The framework initially sizes the whole configuration of
a helicopter at the preliminary level. At this step, the rotor
blade planform is assumed to be rectangle, and its radius
and chord length are consequently specified. The rotor
blade’s configuration including the airfoil shape and the
rotor blade planform (twist, taper ratio, position of taper,
and chord length) is then identified in the aerodynamic
analysis loop.
A new geometry representation algorithm which uses the
class function/shape function transformation (CST) method
is applied to consider the airfoil shape. The advantages of this
CST method are high accuracy and use of few variables in
geometry representation.20
A good design of rotor blades requires not only good per-
formance but also a good structure and dynamics behavior.
The inner structural configuration needs to be designed to
ensure that the rotor blade will work properly.
The manufacturing factor mentioned previously should be
considered at an early state of the design to improve the com-
petitiveness of products in the marketplace, so a modular man-
ufacturing is implemented and integrated with other modules
to fulfill the design process.
The airfoil shape governed by a new geometry representa-
tion method—CST is considered parallel with other outer con-
figuration of rotor blades (tapper ratio, twist, position of
tapper, and chord) and inner structural configuration (D-
spar thickness, skin thickness, web position, and orientation
of each composite layer). In addition, the manufacturing factor
can be considered at an early state of design together with
aerodynamics and structure factors.
2.1. Aerodynamic analysis
2.1.1. Airfoil characteristic analysis
Airfoil shape plays an essential role in helicopter performance.
However, it used to be considered in separate design optimiza-
tion. The aerodynamic module is implemented for rotor blade
performance analysis where the rotor blade planform and the
airfoil are considered at the same time. In helicopter perfor-
mance analysis, the airfoil characteristics are usually repre-
sented in a C81-table format where lift, drag, and moment
coefficients of the airfoil are predicted for subsonic to tran-
sonic flow and a wide range of angle of attack (AOA). In this
framework, diverse methodologies (the Navier-Stokes
equation-solving method, the high-order panel method, and
Euler equations solved with the fully coupled viscous-inviscidicopter rotor blades design and analysis including aerodynamics, structure, and
Fig. 1 Integrated framework for helicopter rotor blades design.
4 N.A. Vu et al.interaction method) are employed.21 The sequential applica-
tions of each method are as follows:
(1) A high-order panel with the fully coupled viscous-
inviscid interaction method for Ma1 6 0:4.
(2) The Euler equations solved with the fully-coupled
viscous-inviscid interaction method for 0:4 < Ma1 6
0:7.
(3) The 2D Reynolds averaged Navier-Stokes (RANS)
equation-solving method for Ma1 > 0:7.
The 2D RANS method is only used for Ma1 > 0:7 when
the two less expensive methods (Euler equations and the
high-order panel solved with the fully coupled viscous-
inviscid interaction method) are less suitable.
By integrating commercial software and in-house codes, a
fully automated process has been developed for generating
C81 tables quickly and accurately for arbitrary airfoil shapes.
There are many factors affecting the total time to generate a
C81 table.21 These factors include the number of cases (Ma1
and AOA (AoA pairs)), the speed of processors, grid systems,
flow solver models, and the duration of the longest case. The
longest computational time is required by the RANS method.
Thus the treatment of the conditions when the RANS method
is applied has a very important role in reducing the computa-
tional time. The initial calculation using Fluent software
requires 300–500 iterations while the proceeding calculations
require 100–200 iterations to be converged. Each iteration
requires about 0.4 s on a computer having a dual-core,
2.5 GHz CPU with 3.00 GB of RAM. The solving panel and
Euler equations with viscous/inviscid interaction method
require a little time less than 5 s for a pair of AoA andPlease cite this article in press as: Vu NA et al. A fully automated framework for he
manufacturing, Chin J Aeronaut (2016), http://dx.doi.org/10.1016/j.cja.2016.10.001Ma1. The computationally expensive RANS method is only
applied forMa1 > 0:7. This advance makes the process appli-
cable for design purposes, where the designers seek to update
their airfoil tables frequently for new designs. Validated results
of the process are shown in Ref. 21. Agreements between calcu-
lated results and experimental data are obtained.
The airfoil is represented by the CST method.
The airfoil distribution functions defined as upper and
lower curves are presented sequentially as22
yUðxÞ ¼ x0:5ð1 xÞ

AU0ð1 xÞ4 þ AU14xð1 xÞ3
þ AU26x2ð1 xÞ2þAU34x3ð1 xÞ þ AU4x4

ð1Þ
yLðxÞ ¼ x0:5ð1 xÞ

AL0ð1 xÞ4 þ AL14xð1 xÞ3
þ AL26x2ð1 xÞ2þAL34x3ð1 xÞ þ AL4x4

ð2Þ
where AU0, AU1, AU2, AU3 and AU4 are the variables of the
upper curve of the airfoil distribution function; AL0, AL1,
AL2, AL3 and AL4 are the variables of the lower curve of the
airfoil distribution function; and x and y are the airfoil
coordinates
2.1.2. Helicopter performance analysis
Konkuk Helicopter Design Program (KHDP), a helicopter siz-
ing, performance, and trim analysis program, was developed at
Konkuk University. These codes were developed for use in the
conceptual design phase and hence they used empirical formu-
las to reduce computing time.licopter rotor blades design and analysis including aerodynamics, structure, and
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the required power in different helicopter operations, namely
hover, climb, cruise, descent, and autorotation. BET needs
to call trim module analysis to obtain the required power.
Therefore, the required power is a function of the airfoil shape
and the blade planform.
Validated results of each module are shown in Ref. 18. The
differences between calculated results and existing data are
within 5% in general, hence acceptable for the preliminary
design phase.
2.1.3. Aerodynamic design module
The development of a sizing, performance analysis program
and the automated generation of airfoil characteristics enable
a design optimization study of helicopter rotor blades. The
integrated framework for aerodynamic design optimization is
wrapped in ModelCenter and shown in Fig. 2.
The NACA0012 airfoil is chosen for the first step of a
design process. Then, blade shapes such as chord distribution,
twist distribution, and airfoil coordinates are generated. The
required power is computed by performance analysis and the
trim condition is checked. The blade element method is used
to calculate the required power in order to consider the airfoil
characteristics. Some other additional codes to generate airfoil
coordinates, chord distribution, and twist distribution areFig. 2 Integrated framework in ModelCent
Fig. 3 Structural
Please cite this article in press as: Vu NA et al. A fully automated framework for hel
manufacturing, Chin J Aeronaut (2016), http://dx.doi.org/10.1016/j.cja.2016.10.001implemented in order to build a full framework for the opti-
mization process in ModelCenter.
2.2. Structural analysis
This section will describe the automated process for helicopter
rotor blades’ structural design.
The cross-sectional template consists of four components: a
leading cap, a D-spar, a skin, and a web as shown in Fig. 3.
The leading cap and the web are always adjacent to the D-
spar. As the web’s position moves along the chord spanwise
and the airfoil shape changes, the D-Spar and the web auto-
matically adjust to fit inside the airfoil. The leading cap is
assumed to be made of titanium for anti-erosion purpose.
Other components such as the D-spar, the web, and the skin
are made of the continuous IM-7/PEEK composite material.
2.2.1. Sectional properties analysis
High-fatigue characteristics and a high stiffness/weight ratio of
composite materials lead to a wide use in the design of heli-
copter rotor blades.
Helicopter rotor blades are generally modeled as initially
curved and twisted anisotropic beams. In this study, the sec-
tional analysis of composite blades is conducted by VABS
(variational asymptotic beam sectional analysis) software.er for aerodynamic design optimization.
baseline model.
icopter rotor blades design and analysis including aerodynamics, structure, and
6 N.A. Vu et al.VABS is capable of modeling initially curved and twisted, non-
homogeneous anisotropic beams with arbitrary cross-sectional
configurations. VABS is a code implementing various beam
theories based on the concept of simplifying the original non-
linear 3D analysis of slender structures into a 2D cross-
sectional analysis and a 1D nonlinear beam analysis using a
powerful mathematical method, the variational asymptotic
method.23
VABS takes a finite element mesh of the cross section
including all the details of geometry and material as an input
to calculate the sectional properties including structural and
inertial properties.24 Chen and Yu25 developed PreVABS
(pre-processing of VABS), a design-driven pre-processing com-
puter program, which can effectively generate high-resolution
finite element modeling data for VABS by directly using design
parameters and both the span-wisely and chord-wisely varying
composite laminate lay-up schema for rotor blade and aircraft
wing cross-sections.
However, the robustness of PreVABS has not been
achieved. The layers at the leading edge may intersect each
other when the curvature becomes high. A mesh cannot be cre-
ated in some critical cases when the airfoil shape is changed
significantly. Especially, PreVABS cannot generate a mesh
for arbitrary values of the D-spar and the skin number of
layer; hence it restrains the choice of design variable as shown
in Ref. 17. Moreover, the airfoil coordinates may not be com-
patible with PreVABS to generate a mesh. The input data used
to be manually adjusted by designers. Because of these rea-
sons, several analytical tools were implemented to automati-
cally fulfill the process as shown in Fig. 4.
The Intersect program analyzes the data of airfoil coordi-
nates and creates an input file to run the PreVABS program
where the ‘‘no intersection point” problem at the tailing edge
and ‘‘offset intersection” at the leading edge are avoided. Pre-Fig. 4 Implemented process for cross-sectional properties
analysis.
Please cite this article in press as: Vu NA et al. A fully automated framework for he
manufacturing, Chin J Aeronaut (2016), http://dx.doi.org/10.1016/j.cja.2016.10.001VABS will generate connectivity of elements for an insufficient
model as shown in Fig. 5.
Additional mesh points which the PreVABS program is not
able to generate will be provided by the lepots program as
shown in Fig. 6. The lepots program reads the output data
from PreVABS and then creates the input, a process to gener-
ate additional mesh points for the deficient part of the original
cross-sectional mesh.
The meshes at the tailing edge, the web, and the skin inter-
section are analyzed and regenerated for a realistic structure as
shown in Fig. 7.
After creating the additional mesh, the lepots program
reads the data from PreVABS’s and Gridgen’s outputs in order
to generate input files of the VABS program. The input files
present the connectivity and information of elements for a suf-
ficient model.
2.2.2. Integrated aerodynamic and structural data transfer
program
A program, TRIMFST, is implemented to construct the flow
condition (Mach number and AOA) corresponding to ele-
ments of rotor blade data for cross-sectional aerodynamic
analysis at a trim condition. The trim angles are used for aero-
dynamic analysis of the cross-section at a certain flight condi-
tion. A program, Afluente, performs aerodynamic analysis at
the given cross-section to calculate the pressure at each airfoil
coordinate.
2.2.3. Stress analysis of a 3D rotor blade
The 1D beam analysis is replaced by a 3D model in ANSYS
with a static force applied on a beam. The analytical procedureFig. 5 Insufficient model for leading edge of an airfoil section.
Fig. 6 Additional mesh points for leading edge of an airfoil
section using Gridgen.
licopter rotor blades design and analysis including aerodynamics, structure, and
Fig. 7 Intersection mesh after processing.
Fig. 9 Structural design framework in ModelCenter.
Framework for helicopter rotor blade design and analysis 7is automated using the tool command language (Tcl) of
ANSYS as shown in Fig. 8.
A program named Ansysin is implemented to transfer the
aerodynamic data from Afluente to the structural model in
ANSYS software. Afluente also writes the Tcl commands to
automatically generate a structural analysis model including
key points, lines, surfaces, mesh, materials, composite stacking
layers, boundary condition, applied pressure, analysis solver,
failure criteria, and safety factors.
2.2.4. Structural module
The whole structural modules are wrapped in ModelCenter as
shown in Fig. 9.
Several codes are used to check timeout and control parallel
running of analysis.
The sensitive analysis will show the effects of design vari-
ables on the objective function and examine the integration
of the framework shown in Fig. 10 as well. The structure is
strengthened when the D-spar, web, and skin number of layer
increase. The Tsai-Wu index values (Eq. (8)) then decrease.
The dynamics and structure of the section are enhanced when
the web position moves toward the tailing edge. Increasing the
number of layers of the spar, the skin, and the web is also a
way to strengthen the structural performance. However, these
could make manufacturing cost go up. Therefore, the design of
rotor blades has to consider structural performance in con-Fig. 8 Automated process in
Please cite this article in press as: Vu NA et al. A fully automated framework for hel
manufacturing, Chin J Aeronaut (2016), http://dx.doi.org/10.1016/j.cja.2016.10.001junction with manufacturing cost in order to acquire reality.
The sensitive analysis shown in Fig. 10 expresses that the
framework works properly in this study.
2.3. Rotor blades manufacturing cost estimation
2.3.1. Manufacturing cost and system performance analysis
An integrated model for composite rotor blade manufacturing
cost estimation has been developed at the Aerodynamic Anal-
ysis and Design Laboratory (AADL), Aerospace InformationANSYS for stress analysis.
icopter rotor blades design and analysis including aerodynamics, structure, and
Fig. 10 Sensitive analysis of structural design variables.
8 N.A. Vu et al.Engineering Department, Konkuk University. The model for
estimating manufacturing costs is based on an understanding
of the inherent relations between product design, process flow,
and product costs. Once the configuration and geometric size
of a part, manufacturing technique, and material are selected,
the detailed process flow can be divided into smaller sub-steps.
These sub-steps depend on the objective of the cost model and
the information available.26
As an example, COSTRAN code, which is for commer-
cial process-based manufacturing and assembly cost
(PBMAC), was applied by Bao and Samareh27 for multidisci-
plinary design optimization (MDO) application. Several mod-
els and approaches evaluating manufacturing costs for
composite products have been presented in the literature.28
Most of the costing approaches are either process-specific thus
limited in application, or require complicated computer-based
systems. Manufacturing cost estimates are generated without
consideration of the process-performance-cost interrelation
as pointed by Bernet et al.28 who developed an integrated cost
and consolidation model for commingled yarn-based compos-
ites. Our approach has the same objective but a different com-
posite application process. In this study, a manufacturing cost
estimation model is incorporated to our MDO problem. For
simplicity, the model focuses on manufacturing cost. An
activity-based costing approach is applied in our model follow-
ing the composite manufacturing flow. The manufacturing cost
of composite materials includes material cost, labor cost,Please cite this article in press as: Vu NA et al. A fully automated framework for he
manufacturing, Chin J Aeronaut (2016), http://dx.doi.org/10.1016/j.cja.2016.10.001equipment cost, and tooling cost, which are related to the pro-
cess time. The time estimate is based on the manufacturing
process.26 The material cost is calculated for each process
activity listed in the process plan. The quantity of a material
used is calculated from the size parameters and description
of the material. The quantity is multiplied by the unit cost
for that material obtained from an inventory database. Indi-
vidual items are then summed for the total material cost of
the product. Labor cost is calculated for each process activity
listed in the process plan. For each activity/process time, the
cost of a labor resource consumed is calculated by multiplying
the time by the cost rate for the labor resource that is obtained
from an employee code rate database. Individual items are
then summed for the total labor cost included in the product.
The equipment activity cost is calculated using the direct pro-
cess activity rate multiplied by the machine cost rate. The
machine cost rate for each production machine is calculated
based on maintenance costs, operating cost, equipment asset,
and the number of operation hours. For each activity/process
time, the cost of an equipment resource is calculated by multi-
plying the job time with the cost rate for that equipment
resource.26
In this study, integrated models are implemented to provide
a rapid and dynamic feedback for a designer or a product
development team who performs manufacturing cost estima-
tion and system performance evaluation to manufacture a
new or existing product during early design processes.licopter rotor blades design and analysis including aerodynamics, structure, and
Framework for helicopter rotor blade design and analysis 92.3.2. Manufacturing cost module
This module is wrapped in ModelCenter. Sensitive analysis
will show the effects of design variables on the objective func-
tion and examine the integration of the framework.
The sensitive analysis of design variables on aerodynamics
and structure analysis have been shown previously. This sec-
tion will show the sensitive analysis of design variables on
the manufacturing cost; thereby, it will demonstrate the inte-
gration of the framework from aerodynamic analysis to struc-
tural analysis and manufacturing cost estimation.
A more twisted and shorter taper rotor blade requires more
processing time and materials, hence this increases the manu-
facturing cost. The rotor blade planform could vary the man-
ufacturing cost up to 15% as shown in Fig. 11.
Airfoil shapes slightly influence the manufacturing cost as
shown in Fig. 12. An asymmetrical airfoil requires a higher
cost to be manufactured. The manufacturing cost varies within
1%, so we can fix the airfoil shape to simplify the problem.
Airfoil shape is not considered as a design variable in inte-
grated design optimization.
The structural design requires a thicker D-spar, skin, and
web while manufacturing requires less material and com-
plexity. The manufacturing cost could vary by 5% in a ten-
tative range of structural design variables as shown in
Fig. 13.
The airfoil shape has an important role in aerodynamic per-
formance but a slight effect on structure and manufacturing
cost. Therefore, the airfoil shape could be designed in advanceFig. 11 Sensitive analysis of blade
Please cite this article in press as: Vu NA et al. A fully automated framework for hel
manufacturing, Chin J Aeronaut (2016), http://dx.doi.org/10.1016/j.cja.2016.10.001to reduce computational time, and then fixed for the next
design loop where both planform and inner structures of rotor
blades are simultaneously considered for multidisciplinary
design optimization.3. Integrated aerodynamics and structure design optimization
considering manufacturing cost
This section describes an integrated framework including aero-
dynamics, structure, and manufacturing cost. All inner and
outer shapes of rotor blades can be investigated simultaneously
in a fully integrated design optimization. The purpose of this
article is to demonstrate the completed framework, so the
design optimization is performed in an efficient process. The
airfoil shape much affects aerodynamic performance of a
rotorcraft while its effect on the structure is less. Therefore,
the airfoil shape is first considered in conjunction with the
planform in aerodynamic design optimization which is shown
in Section 3.1. The airfoil shape variables are then fixed while
the planform design variables still need to be investigated in
the next integrated design optimization of aerodynamics,
structure, and manufacturing cost as shown in Section 3.2.
3.1. Aerodynamic design optimization
This design process starts with the sizing module. A rectangu-
lar blade will be defined by the sizing module. This blade shapeplanform on manufacturing cost.
icopter rotor blades design and analysis including aerodynamics, structure, and
Fig. 12 Sensitive analysis of airfoil shape on manufacturing cost.
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Fig. 13 Sensitive analysis of inner structure on manufacturing cost.
Framework for helicopter rotor blade design and analysis 11will be a baseline shape for the next step of the optimization
design process.
Airfoil analysis is performed by an automated process to
generate airfoil aerodynamic characteristics in a C81 format
describing lift, drag, and moment coefficients with respect to
Mach number and AoA. Some other additional codes to gen-
erate airfoil coordinates, chord distribution, and twist distribu-
tion are implemented in order to build a full framework for the
optimization process in ModelCenter software which is a pow-
erful tool for automating and integrating design codes.Table 1 Design optimization investigated by aerodynamic module.
Flight
condition
Objective function
Hover flight Required power in hover F ¼ Ph
Forward
flight
Combination of required power in hover and forward flig
F ¼ 0:75 Ph
Ph;ref
þ 0:25 Pf
Pf;ref
Notes: ITM—Number of iterations; FM—Figure of merit; AU0 to AU4
function, jCm0 ;Ma¼0:3j is the pitching moment coefficient at zero lift at Ma
CD0 ;Ma¼MaDD0þ0:02 is the sectional drag coefficient at Ma ¼MaDD0 þ 0:02.
Please cite this article in press as: Vu NA et al. A fully automated framework for hel
manufacturing, Chin J Aeronaut (2016), http://dx.doi.org/10.1016/j.cja.2016.10.001Using the integrated framework, both the blade planform
and the airfoil shape are considered simultaneously in the
design optimization. The sensitivity analysis of design variables
and design optimization were investigated in Refs. 22,29. The
analysis also addresses to the fully automated process of
aerodynamic design and analysis. Table 1 summarizes the aero-
dynamic design optimization problem solved by Refs. 22,29.
In a hover case, we can see that the optimum taper ratio
and position of the taper are on the boundaries of these design
variables. These results match the optimum hovering rotorDesign variables Constraints
parameters
AU0, AU4, AL0, AL4 FM
Taper ratio ITM
Taper position
Chord (m)
Twist ()
ht AU0, AU1, AU2, AU3, AU4, AL0, AL1,
AL2, AL3, AL4
FM
Chord ITM
Twist jCm0 ;Ma¼0:3j
Taper ratio CLmax , Ma=0.4
Taper position CD0 ;Ma¼MaDD0þ0:02
and AL0 to AL4 are the coefficients of the airfoil shape distribution
= 0.3, CLmax,Ma = 0.4 is the maximum lift coefficient at Ma= 0.4,
icopter rotor blades design and analysis including aerodynamics, structure, and
Table 2 Optimal values of design variables at 120 kt forward
speed flights.29
Design variables Min Max Optimal
AU0 0.1 0.35 0.2724
AU1 0.1 0.35 0.1005
AU2 0.05 0.35 0.055
AU3 0.05 0.35 0.201
AU4 0.05 0.35 0.1227
AL0 0.3 0.05 0.1149
AL1 0.3 0.05 0.051
AL2 0.3 0.05 0.2492
AL3 0.3 0.05 0.0603
AL4 0.3 0.05 0.0793
Chord/0.35 0.588 1.0 0.90
Twist/16 0.3 1.0 0.82
Taper ratio 0.5 1.0 0.77
Taper position 0.5 1.0 0.76
Table 3 Sectional properties of baseline layout.
Property Value Dimension
GJb 7:3637 106 lb-in2
EAb 1:8634 107 lb
EI22b 3:8162 106 lb-in2
EI33b 1:0775 108 lb-in2
mb 0.00037 lb-s
2/in2
(e/c)b 4.76%
(d/c)b 9.43%
req;max;b 0.4
12 N.A. Vu et al.which requires the local chord distribution over the blade to be
given by
cðrÞ ¼ ctip
r
ð3Þ
The local blade chord must vary hyperbolically with span
and can be adequately approximated by a linear taper over
the outer part of the blade. Therefore, each section of the blade
operates at an optimum lift-to-drag ratio.
The optimum blade shape has a smaller solidity in compar-
ison with the baseline. In this case, the twist decreases from
8 to 15.3 in order to compensate lift reduction due to a
smaller solidity. The optimum blade planform could generate
uniform inflow from the taper position to the tip, hence mini-
mizing the induced power. The optimum airfoil shape has a
higher thickness and camber compared to the baseline, thereby
increasing the maximum lift of the airfoil. We can easily see
that with the optimum taper, twist, and airfoil shape, values
of the local lift coefficient decrease at the blade root and
increase at the tip. This reduces the profile power component,
so the rotor can be operated at the same thrust but with an
improvement of FM. The optimum results in which the
required hover power decreases by 7.4% and FM increases
by 6.5% are good values for rotor blade design.
In forward flights, the maximization of the drag divergence
Mach number leads to a reduction of the thickness and camber
of the airfoil. In contrast, the reduction of the thickness and
camber of the airfoil can reduce the maximum lift characteris-
tics and cannot avoid premature trailing edge separation.
The optimal airfoil in 120 kt (1 kt = 1.852 km/h) forward
flight design optimization has a smaller thickness and camber
compared to those in a hover case. The drag could increase sig-
nificantly at the advancing side in 120 kt flights, so the camber
and thickness should be reduced. The compromise between
drag and lift coefficients leads to a reduction in the camber
and thickness as well. The rotor blade solidity in 120 kt flights
does not change much in order to provide enough thrust. A
small taper at the tip could reduce the drag on the advancing
side.
The objective function is reduced by 4.4% after the design
optimization process. The FM increases by 4.3%. The required
power in 120 kt forward flights is reduced by 5.3%. However,
the airfoil characteristics are improved to the desired ranges of
lift, drag, and moment coefficients which are very important in
rotor performance.
3.2. Integrated aerodynamics and structure design optimization
considering manufacturing cost
The airfoil shape is fixed and taken from the design optimiza-
tion study for forward flights in order to reduce the computa-
tional time. Design optimization results of the airfoil shape
have been solved in Ref.29 and are repeatedly shown in
Table 2.
The sectional properties of the baseline layout are shown in
Table 3.
3.2.1. Objective function
The cross-section design problem is proposed to determine the
values of all design variables including cross-sectional stiffness
and inertia constants so as to satisfy chosen constraints andPlease cite this article in press as: Vu NA et al. A fully automated framework for he
manufacturing, Chin J Aeronaut (2016), http://dx.doi.org/10.1016/j.cja.2016.10.001minimize a chosen objective function. In order to improve
the payload of an aircraft, the rotor blade mass per unit length
m is generally expected to minimum. The cross-section design
must guarantee bending and torsional stiffnesses to be in a
desired range to avoid resonance. The dynamic coupling of
bending and torsional loads is very important because it is
responsible for flutter and other dynamic instabilities in rotor
blades. The coupling depends on the lift (a transverse load)
and the distance e between the SC and the AC. Hence, the
cross-section design attempts to minimize the distance between
the SC and the AC as well as the distance d between the MC
and the AC for similar reasons. Moreover, the structure must
perform without a failure under specified service loads.
Whether or not a failure occurs is measured by the Von Mises
criterion for isotropic materials and the Tsai-Wu criterion for
anisotropic materials.
The objective function of the integrated design optimization
shown in Eq. (4) is to minimize a combination of aerodynam-
ics, structure, and manufacturing cost values using weight fac-
tors, denoted wa, ws, and wc. An isolated objective function for
each discipline was discussed in Refs. 17,22,29. The value of the
objective function for a rotor blade baseline configuration is 1.
F ¼ wa 0:75 Ph
Ph;b
þ 0:25 Pf
Pf;b
 
þ ws 0:4 jej
c
þ 0:2 m
mb
þ 0:4 jdj
c
 
þ wc C
Cb
ð4Þlicopter rotor blades design and analysis including aerodynamics, structure, and
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In this study, the aerodynamics and structure are weighted
at the same level (wa ¼ 0:4 and ws ¼ 0:4). The weight factor of
manufacturing cost is wc ¼ 0:2. These weight factors mean that
the aerodynamics and structure characteristics dominate the
manufacturing cost. Moreover, designers can easily set up
these weight factors according to their own requirements.
3.2.2. Design variables
The airfoil shape is fixed in order to reduce computational
time. The airfoil shape is chosen from aerodynamic design
optimization in a 120 kt forward flight condition.
Current design optimization is a nonlinear optimization
problem with a mix of continuous and discrete variables.
Design variables are planform (taper ratio, position of taper,
and root chord length), pre-twist, and inner configuration
(web position and number of layers of D-spar, web, and skin).
The fiber orientations are discrete variables. They could be
design variables. The composite layer thickness is usually a
constant for a product due to manufacturing cost, so it is fixed
for all components of rotor blades. This leads to many layers
of D-spar, web, and skin. Therefore, the orientations of fibers
are fixed in order to reduce the number of design variables.
This assumption does not debase the framework because the
main difficulties are the considerable changes of inner and
outer configurations of rotor blades. The fiber orientations
of D-spar are assumed to follow the 0/45/45 sequence, while
those of web and skin follow the 45/45 sequence.
3.2.3. Constraints
Mass per unit length of the optimal cross-section is no more
than that of the baseline:
m
mb
6 1:0 ð6Þ
The stress level of the optimal cross-section is less than that
of the baseline:
req;max
req;max;b
6 1:0 ð7Þ
For composite materials, the safety factor g is defined by
Tsai-Wu failure criterion as
req ¼ 1
g
¼  1
Xc
þ 1
Xt
 
r1 þ r
2
1
XcXt
þ  1
Yc
þ 1
Yt
 
r2 þ r
2
2
YcYt
 r1r2ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
XcXtYcYt
p þ s
2
12
S2
ð8Þ
where Xt, Yt, Xc, Yc, and S are the ultimate tension, compres-
sion stresses, and shear stress of unidirectional laminated
materials, respectively. r1, r2, and s12 are the stresses along
the two material directions and the shear stress, respectively.
The inverse safety factor 1/g with the Tsai-Wu failure criteria,
similar to Von Mises stress normalized by the ultimate
strength, indicates a dangerous level locally.
The sectional stiffness of the optimal cross-section is in the
range of 5% to +10% of the baseline values:
0:95 6 EIjj
EIjjb
6 1:10 j ¼ 2; 3 ð9ÞPlease cite this article in press as: Vu NA et al. A fully automated framework for hel
manufacturing, Chin J Aeronaut (2016), http://dx.doi.org/10.1016/j.cja.2016.10.0010:95 6 GJ
GJb
6 1:10 ð10Þ
The centrifugal force is an important force acting on a rotor
blade. Dynamic analysis could not be considered in the current
framework. Only static structure design was considered. The
centrifugal force could be decomposed into 2 force components
(FCX and FCZ). FCZ works as damper of the aerodynamic force.
FCX acting on the rotor spanwise direction may make the struc-
ture broken. An additional constraint is made in this direction to
ensure that the blade will not be broken due to the centrifugal
force, which is the blade spanwise stiffness coefficient S11 (gener-
alized Timoshenko stiffness matrix) for X direction:
S11
S11;b
P 1:00 ð11Þ
The effects of coupling terms on the rotor blade aeroelastic
response have not been investigated. Therefore, several con-
straints of coupling stiffness are made. The coupling stiffnesses
of extension-twist and bending-twist are far smaller than the
stiffness they couple:
S214
S11S44
6 0:01
S245
S44S55
6 0:01
S246
S44S66
6 0:01
8>>>><
>>>>:
ð12Þ
The performance of the optimal blade planform is better
than that of the baseline:
FM
FMb
P 1 ð13Þ
The trim condition is attainable with any rotor blade planform:
0 <
ITM
ITMmax
6 1 ð14Þ
The production rate of the manufacturing process is more
than 200:
Pr
200
P 1 ð15Þ
The feasible values of nondimensional design variables and
constraints are summarized in Table 4.
3.3. Optimization method
The Darwin tool in ModelCenter is employed to find the optimal
solution. The genetic algorithm (GA) method is used in this tool.
The current design optimization is a nonlinear optimization
problem with a mix of continuous (blade planform design vari-
ables and web position) and discrete variables (number of lay-
ers of D-spar, skin, and web).
The inputs of the GA method are summarized in Table 5.
3.4. Optimization results
Optimization results are shown in Table 6. Fig. 14 shows opti-
mal shape of rotor blade. Convergence history of the objective
function (Fig. 15) shows success of the framework. The chord
length does not change much compared to the baseline. Theicopter rotor blades design and analysis including aerodynamics, structure, and
Table 5 GA optimization parameters.
Parameter Value
Population size 60
Selection scheme Multiple elitist
Preserved design 18
Discrete crossover probability 1.0
Discrete mutation probability 0.05
Continuous crossover
probability
1.0
Continuous mutation
probability
0.1
Maximum constraint margin 0.05
Percent penalty 0.5
Convergence criterion Generations without
improvement
Table 6 Optimization results nondimensionalized by baseline
values.
14 N.A. Vu et al.arrangement of the inner structure can increase the stiffness of
the cross-section in general.
The taper position moving toward the blade root is at 0.53
rotor radius. This could slightly worsen forward flight perfor-
mance of a helicopter in comparison with the optimized blades
for 120 kt forward flights obtained in Table 2. However, this
could reduce the rotor blade weight and the manufacturing
cost which are other targets of the design problem. The main
purpose of this compromise is to improve multidisciplinary
objectives including aerodynamic performance, structure, and
manufacturing cost, so some factors could be worse respec-
tively. The aerodynamic performance of rotor blades in hover
flights is required not less than that of the baseline. The chord
length, taper position, taper ratio, and twist are critical design
variables describing aerodynamic performance, so the opti-
mization results in 0.7 of FM. The more rotor blades are
twisted, the higher the manufacturing cost is. This leads to a
decrease to 10 of twist compared to 13 in isolated forward
flight design optimization.
All extension-twist and bending-twist coupling terms are
far smaller than 0.01 to ensure that the resonance is avoided.
The number of layers of D-spar is significantly reduced to 25
layers, so the torsional stiffness of the structural section is
worse. However, the web position moves toward the tailing
edge of the blade to compensate the torsional weakness due
to a thinner D-spar, while the material and labor costs can
be reduced. The torsional stiffness is retained at 95% of the
baseline. The distance between the SC and the AC is
0.28% chord length; the distance between the MC and the
AC is 12.4% chord length; the mass length is not changing
much with a 1% reduction. We can see that the distance
between the SC and the AC decreases while the distance
between the MC and the AC increases. However, the combina-
tion function of the structure is much reduced due to theTable 4 Nondimenional constraints and design variables
values.
Fig. 14 Optimal rotor blade.
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Fig. 15 Convergence history of objective function.
Framework for helicopter rotor blade design and analysis 15weight factor. The objective function is reduced by 9%. In this
study, the non-structural mass is not considered in the design
problem. It is reasonable because this mass is usually used to
adjust the MC and autorotational inertia of a rotor blade in
reality.
4. Conclusion
This study developed an integrated framework for rotor blades
design optimization. The framework is constructed by three
main modules which are sizing and aerodynamic performance
analysis, structure analysis, and manufacturing cost
estimation.
The aerodynamics module starts with the sizing of a heli-
copter based on customer requirements. After the sizing, the
rotor blades of the helicopter will be designed regarding aero-
dynamics, structure, and manufacturing aspects.
A number of aerodynamic and structural programs were
developed and wrapped in ModelCenter. The validation of
each program show that the uses of them are suitable for cur-
rent design phase.
The airfoil analysis tool effectively automates the genera-
tion of airfoil characteristics tables where lift, drag, and
moment coefficients of the airfoil are predicted for subsonic
to transonic flow and a wide range of attack angle. Diverse
methodologies (the Navier-Stokes equation-solving method,
the high-order panel method, and Euler equations solved with
the fully coupled viscous-inviscid interaction method) are
employed. This tool enabled the ability to simultaneously con-
sider both the rotor blades planform and the airfoil shape in a
design optimization.
A modular structural design methodology was developed
for composites rotor blades. All inner components such as
the D-spar, the skin, and the web are parameterized. A number
of codes were implemented to automate the structural analysis
from processing of the aerodynamic data to sectional proper-
ties and stress analysis.
By integrating the manufacturing cost estimation module,
manufacturing factors can be considered at an early stage ofPlease cite this article in press as: Vu NA et al. A fully automated framework for hel
manufacturing, Chin J Aeronaut (2016), http://dx.doi.org/10.1016/j.cja.2016.10.001design along with aerodynamic performance and structure
simultaneously.
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